Introduction
Cell growth in eucaryotic organisms is controlled by the combined action of extracellular signals like growth factors and cell intrinsic cues such as nutrient availability (for a review, see Shamji et al., 2003) . Biochemical and genetic studies have revealed a central role for the serine/threonine kinase target of rapamycin, mTOR, in this process. mTOR controls protein synthesis and cell growth by phosphorylation of S6 kinase and 4EBP1 (Thomas and Hall, 1997; Fingar and Blenis, 2004) . S6 kinase phosphorylates the ribosomal protein S6 as well as various other targets whose function remains unknown (Harada et al., 2001; Wang et al., 2001; Raught et al., 2004; Richardson et al., 2004) . S6 phosphorylation was suggested to enhance the rate of translation of messenger RNAs containing 5 0 oligopyrimidine tracts (TOP mRNAs) (Grammer et al., 1996) . However, recent data show that it does not act alone in this pathway (Tang et al., 2001; Stolovich et al., 2002) . Phosphorylation of 4E-BP1 results in its release from the inactive 4E-BP1/eIF4E complex, allowing eIF4E to take part in CAP-site-dependent translation (Gingras et al., 1999) . mTOR is activated by various growth factors, including insulin. Indeed, the insulin-signaling pathway has emerged as a major regulator of cell growth (Pan et al., 2004) . In Drosophila, many elements of this pathway affect cell size and for some of them a conserved function has been demonstrated in mice. In the insulin-signaling pathway phosphatidylinositol-3-kinase (PI-3 kinase) and protein kinase B (PKB) act upstream of mTOR. PKB phosphorylates and thereby inhibits the tuberous sclerosis (TSC) tumor suppressor TSC2, which is found in a complex with TSC1 (Potter et al., 2002) . The only currently identified catalytic domain in TSC2 is a GTPase-activating protein (GAP) domain at the C-terminus. Genetic screens in Drosophila recently identified Ras homologue enriched in brain (Rheb), a member of the Ras-like family of GTPases (Yamagata et al., 1994) , as a component of the insulin/ mTOR signaling pathway regulating cell growth Stocker et al., 2003) . Biochemical studies confirmed that Rheb is a substrate for TSC2 GAP activity (Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003b; Zhang et al., 2003) and is regulated by insulin in a PI-3 kinase-dependent manner (Garami et al., 2003) . Increasing GTP levels of Rheb, either by inhibition of TSC2 or by overexpression of Rheb (Inoki et al., 2003a) , leads to activation of mTOR and S6 kinase. Conversely, overexpression of TSC2 inhibits mTOR activity as well as Ser2448 phosphorylation . Furthermore, decreasing Rheb activity by RNA interference blocks S6 kinase phosphorylation (Garami et al., 2003; Saucedo et al., 2003) . Thus, Rheb is an essential intermediate in insulin-mediated mTOR/S6K/4E-BP1 signaling.
Amino-acid depletion is known to inhibit mTOR activity, decrease basal S6 kinase activity and block its activation normally seen after growth factor stimulation (Hara et al., 1998; Beugnet et al., 2003) . Also, 4E-BP1 phosphorylation is inhibited by amino-acid deprivation, suggesting a block at the level of mTOR or further upstream (Hara et al., 1998; Iiboshi et al., 1999) .
Importantly, activation of PKB and elements further upstream of the insulin-signaling pathway are not affected by amino-acid withdrawal (Hara et al., 1998) . It has been suggested that sensing the availability of nutrients involves TSC2. For example, cells lacking TSC2 have increased S6 kinase activity, which is more resistant to amino-acid depletion (Gao et al., 2002; Saucedo et al., 2003) as compared to that of wild-type (WT) cells. Also, overexpression of Rheb renders S6 kinase activity less dependent on the presence of amino acids (Garami et al., 2003; Inoki et al., 2003a; Stocker et al., 2003; Tee et al., 2003b) . Furthermore, overexpression of TSC1/2 reduces the amino-acid-induced phosphorylation of mTOR targets Tee et al., 2002) . We now show by measuring endogenous Rheb-GTP levels that amino-acid deprivation interferes upstream of Rheb to restrict mTOR activity: GTP loading of Rheb is only mildly and transiently inhibited by amino-acid depletion, which increased upon stimulation of depleted cells with amino acids. More importantly, Rheb activation by insulin or TPA is blocked when cells are deprived of amino acids. This is most likely not caused by impaired guanine nucleotide exchange activity on Rheb, since in TSC2-deficient cells Rheb-GTP levels remain invariantly high when amino acids are removed from the culture medium. However, TSC2-deficient cells are still capable of downregulating mTOR and S6 kinase activity upon amino-acid starvation. Given the fact that under these conditions endogenous Rheb remains fully activated, these results reveal the existence of an additional regulatory mechanism that restricts mTOR activity independently of TSC2/Rheb.
Results
Regulation of S6 kinase by insulin is mediated by PI-3 kinase-dependent changes in the activity of TSC1/2, leading to increased Rheb-GTP levels and mTOR activity. PKC, on the other hand, has been reported to activate S6 kinase in a PI-3 kinase-independent fashion. To test if both pathways were operative in mouse embryonic fibroblasts (MEFs), cells were treated with insulin or TPA and activation of S6 kinase was determined using phospho-specific S6 kinase antibodies. Both stimuli led to a clear increase of T389 and T421 phosphorylation ( Figure 1a ). In contrast, PKB activation as measured by phosphorylation at S473 was seen only following insulin treatment. To further demonstrate that TPA activates S6 kinase via a distinct pathway, cells were pretreated with the PI-3 kinase inhibitor wortmannin (wm) or the PKC inhibitor bisindolylmaleimide (BIM). As expected, wm completely blocked S6 kinase activation by insulin but not that by TPA. BIM, on the other hand, selectively prohibited TPA-induced S6 kinase activation. Using a distinct PKC inhibitor, Go¨6976, identical results were obtained (data not shown). Apart from S6 kinase phosphorylation, also 4E-BP1 was found to be hyperphosphorylated by TPA, suggesting the involvement of mTOR.
GTP loading of Rheb is known to be pivotal for insulin-induced mTOR activation. If the PKC and the PI-3 kinase pathways converge at the level of TSC1/2, Rheb-GTP levels are expected to increase following TPA treatment. Therefore, we measured Rheb-GTP levels in cells from parallel dishes treated in exactly the same manner, but labeled with [ 32 P]orthophosphate. As can be seen in Figure 1b , insulin treatment caused a Figure 1 (a) WT MEFs were either untreated or stimulated for 30 min with insulin (5 mg/ml) or TPA (0.1 mg/ml). Where indicated, cells were pretreated with wm (0.1 mM) or BIM (6 mM) for 30 min before stimulation with insulin and TPA. Phosphorylation of S6K, 4E-BP1, PKB and ERK1-2 at the indicated residues was determined using phospho-specific antibodies. (b) Graphic representation of Rheb-GTP content following stimulation with insulin (5 mg/ml) or TPA (0.1 mg/ml) for 30 min. Pretreatment with BIM or wm was for 30 min. Each bar represents the average of at least three independent experiments. Error bars indicate s.d. values of untreated cells which were set at 100%. Quantification was performed using the ImageQuant program using a PhosphorImager. In the lower panel, a representative example is shown. The percentage of GTP bound to Rheb for each sample is indicated above the PhosphorImager picture.
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M Roccio et al 1.5-fold increase in Rheb-GTP, which is slightly lower than what we previously observed in A14-NIH-3T3 cells, which overexpress the insulin receptor (Garami et al., 2003) . TPA elevated the fraction Rheb-GTP 1.4-fold. Pretreatment with BIM abolished this effect and actually decreased Rheb-GTP to levels below those seen under basal conditions. Wm did not affect GTP loading by TPA, but, as shown previously (Garami et al., 2003) , blocked insulin-induced Rheb activation. Treatment of nonstimulated cells with BIM or wm lowered the basal levels of S6 kinase phosphorylation and also reduced Rheb-GTP to 75 and 86%, respectively, of that seen under basal conditions (Supplementary Figure S1) . Together, these results show that growth factor signaling affects Rheb-GTP levels via distinct pathways. Apart from growth factors, amino acids also control the activity of the mTOR/S6K/4E-BP1 pathway. In order to obtain more direct evidence for a role of TSC1/ 2/Rheb in amino-acid sensing, we examined the effect of withdrawal of amino acids on the level of GTP-bound Rheb and the effect of resupplementing amino acids to cells previously starved. We observed a moderate and transient inhibitory effect on Rheb activity upon depletion of amino acids for 60 min ( Figure 3a , middle white bar) and for 30 and 90 min (data not shown). Interestingly, after 2 1 2 h of amino-acid depletion, Rheb GTP levels had returned to their basal level (92% of that of control cells, n ¼ 4). Since after 2 1 2 h of amino acid depletion, the activities of both mTOR and S6 kinase were still drastically inhibited (Figures 2b and 3c ), this result shows that downregulation of mTOR by the lack of amino acids can take place independently of Rheb. When we measured the effect of resupplementing amino acids to cells that had been depleted for 150 min, we observed a clear induction of Rheb-GTP loading (1.3-fold, n ¼ 4) ( Figure 2a ). As expected, phosphorylation of T389 of S6 kinase and S235/236 of S6 was concomitantly increased (Figure 2b ). Adding amino acid to cells that had been starved for shorter periods also consistently increased Rheb-GTP levels, although these effects were more variable (data not shown). Together with the observation that overexpression of TSC2 blocks aminoacid-induced mTOR activity Tee et al., 2002) , these results show that amino acids regulate GTP loading of Rheb.
It is known that the absence of amino acids blocks mTOR activity downstream of PKB, which is normally activated in amino-acid-starved cells (Hara et al., 1998) . To determine the level at which amino-acid depletion interferes with insulin-induced mTOR activity, we tested the effect of amino-acid withdrawal on insulin-induced Rheb activation. Whereas insulin stimulation of MEFs in the presence of amino acids increased Rheb-GTP levels 1.5-fold, the same treatment did not lead to Rheb activation when cells had been depleted of amino acids for 150 min (Figure 3a and b) . When cells were depleted for 60 min, intermediate results were obtained: insulin treatment still gave rise to an increase in the GTP levels bound to Rheb, but this increase was clearly reduced compared to the induction observed in the presence of amino acids (Figure 3a, middle bars) . The activity of the mTOR/S6K/4E-BP1 pathway mirrored the effects seen on Rheb. Insulin-induced phosphorylation of T389 of S6 kinase and T37 of 4E-BP1 was almost completely abolished in cells that had been depleted of amino acids for 150 min (Figure 3c ). In contrast, phosphorylation of PKB and its direct target FOXO3A was not affected by amino-acid depletion (Figure 3d ). In addition, depletion of cells for 60 min only partially blocked S6 kinase and S6 phosphorylation (data not shown). Finally, we tried to block insulin-induced S6 kinase phosphorylation in MEFs by removing only leucine from the tissue culture medium. Although this treatment lowered the basal level of S6 kinase phosphorylation, it did not affect the insulin-induced S6 kinase phosphorylation. Also, GTP loading of Rheb was normal under these conditions (Figure 4) .
To further consolidate the observation that in aminoacid-starved cells, growth factor signaling toward mTOR is blocked as a consequence of the inability to increase Rheb-GTP levels, similar experiments were performed using TPA as a stimulus. Indeed, TPAinduced Rheb activity was abrogated in cells that had been starved of amino acids for 150 min (Figure 5a ). This correlated with the inhibition of S6K and S6 phosphorylation (Figure 5b) . ERK activation by TPA was not affected by amino-acid depletion, as is evident from probing total cell lysates with a phospho-ERK antibody (Figure 5b) . Altogether, these results demonstrate that Rheb can no longer be activated by insulin or Regulation of Rheb by amino acids M Roccio et al TPA in the absence of amino acids, thereby restricting mTOR activation.
The results described so far show that in the absence of amino acids, growth factor signaling to Rheb is impaired. Increases in S6 kinase/S6/4E-BP1 phosphorylation are always accompanied by an increase in Rheb-GTP levels and provide support for the idea that the activity of TSC1/2 depends on the nutritional status of a cell. However, an alternative possibility is that a GAP other than TSC2 is responsible for the observed block in growth factor-induced Rheb-GTP accumulation after amino-acid starvation, or that a GEF for Rheb is regulated by amino-acid availability. We therefore turned to TSC2 knockout cells. We previously showed that in TSC2 knockout cells, Rheb-GTP levels are increased to more than 70% under normal growth conditions, while the GTP/GDP ratio of Ras-bound nucleotides is similar to that in WT MEFs (Garami et al., 2003; Supplementary Figure S2A) . This high level of Rheb-GTP is thought to be responsible for the constitutive mTOR activity causing elevated levels of phosphorylated S6 kinase and 4E-BP1. Indeed, only direct inhibition of mTOR by rapamycin completely negates S6 kinase phosphorylation, and this occurs without any change on the GTP content of Rheb (Figure 6a ). We next tested the effect of amino-acid depletion in Rheb-GTP levels in TSC2 knockout cells, however, even prolonged amino-acid depletion did not cause any change in Rheb-GTP levels in TSC2 knockout cells (Figure 6b ).
In the course of these experiments, we noted that when TSC2 knockout cells are serum starved overnight and subsequently depleted of amino acids for 2 h, phosphorylation of T389 of S6 kinase becomes undetectable (Figure 6c ). In addition, a clear reduction in phosphorylation 4E-BP1 was seen. Since TSC2 is not present in these cells and Rheb is still fully activated under these conditions another amino-acid sensor has to be operative in these cells, which blocks mTOR activity. In summary, we conclude that restriction of mTOR activation in amino-acid-deprived conditions, takes place upstream of Rheb, most likely at the level of TSC2, and that an additional control mechanism exists that can downregulate mTOR activity independently of TSC1/2/Rheb.
Discussion
The integration of growth factor signaling and nutrient sensing is an important step in the control of cell proliferation and cell size, both of which are essential for 
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proper development and prevention of tumor formation. The recent discovery of Rheb as a downstream target of TSC1/2 has provided a direct read out for the activity of these tumor suppressor genes. It is important to note, however, that TSC1/2 and Rheb are present in a delicate balance in cells (Im et al., 2002) , making the measurement of the GTP/GDP ratio of endogenous Rheb, the only reliable method to determine Rheb activity. Here, we demonstrate that apart from the previously described PI-3 kinase-induced Rheb activation, growth factors can also use a PKC-dependent route to increase Rheb-GTP levels. In agreement with this, Tee et al. (2003a) recently reported that TPA could induce phosphorylation of TSC2 on residues partially overlapping with those phosphorylated by PI-3 kinase. Serine 1798 has been shown to be a RSK-dependent phosphorylation site on TSC2, regulated by the Ras/ MAPK pathway (Roux et al., 2004) . Moreover, overexpression of TSC1/2 blocked TPA-induced S6 kinase activation (Tee et al., 2003a) . Together with the data presented here, it is clear that TSC1/2 and Rheb are common signaling intermediates in mTOR activation by distinct growth factors. In Drosophila, PI-3K/PKB are not strictly required for S6 kinase activation (Radimerski et al., 2002) . Perhaps this can be explained by alternative mechanisms to inactivate TSC1/2, as shown here for TPA. TSC2 has been put forward as a nutrient sensor, required for the downregulation of mTOR following amino-acid and glucose deprivation. Evidence for such a role comes from the observation that cells lacking a functional TSC1/2 complex are more resistant to nutrient deprivation with respect to mTOR inactivation than WT cells (Gao et al., 2002; Saucedo et al., 2003) . Furthermore, overexpression of its downstream target Rheb has the same effect (Garami et al., 2003; Inoki et al., 2003a; Stocker et al., 2003; Tee et al., 2003b) . Indeed, we find that Rheb is clearly under the control of amino acids. First, readdition of amino acids to cells, which have been deprived for 2 h, gives a significant increase in Rheb-GTP levels. Secondly, upon depletion of amino acids, Rheb is no longer GTP loaded following stimulation with insulin or TPA. The duration of amino-acid starvation appears to affect the response of Rheb to growth factor stimulation: a progressive unresponsiveness of Rheb to insulin is seen upon prolonged amino-acid depletion. From these studies, it then appears that an increase in the level of Rheb-GTP acts as a permissive signal for activation of mTOR. This is in good agreement with the finding that activation of Regulation of Rheb by amino acids M Roccio et al mTOR/S6kinase/4E-BP1 signaling by insulin, TPA and amino acids can all be blocked by overexpression of TSC1/2. This view differs from our previous conclusion that Rheb was required and sufficient for mTOR activity (Garami et al., 2003) . The simplest explanation for this is that overexpressed Rheb by mass action drives mTOR into an active signaling complex.
The mechanism by which amino-acid depletion prevents GTP loading of Rheb upon growth factor stimulation remains unknown for the moment. We tried to test the involvement of TSC1/2 by comparing the effects of amino-acid depletion on the GTP loading of Rheb in WT and TSC2 knockout cells. Whereas in WT cells, a mild and transient decrease was found after 60 min (Figure 3a , middle white bar) and 30 and 90 min (unpublished observation), in TSC2 knockdown cells, Rheb-GTP levels remained invariantly high after aminoacid starvation. This result shows that amino-acidstarved cells do not activate a Rheb-GAP distinct from TSC1/2. However, it is formally possible that inactivation of a yet unknown GEF for Rheb accounts for the observed block in growth factor-induced Rheb activation. In TSC2 knockout cells, this effect would be obscured by the complete lack of Rheb-GAP activity. Indeed, it has recently been argued that the TSC1/2 complex is not involved in amino-acid sensing. This conclusion was based on the fact that in TSC2 knockout cells mTOR activity was still sensitive to the lack of amino acids (Smith et al., 2005) . Indeed, we also observed that in TSC2 knockout cells serum starved overnight withdrawal of amino acids strongly reduces both S6K and 4E-BP1 phosphorylation.
In conclusion, amino acids affect the activity of mTOR both in a Rheb-dependent and a Rhebindependent manner. One of the reasons for two levels of amino-acid control may be a tighter control. Indeed, compared to WT cells, in TSC2À/À cells, more stringent amino-acid depletion is required to downregulate mTOR/S6 kinase. Alternatively, Rheb might have functions other than the regulation of mTOR and require its own independent regulation by amino acids. It should be noted that our study has been performed in MEFs and it may well be that not all cells have both sensing mechanisms. A similar mechanism of dual regulation of mTOR takes place, for example, in the control of energy levels, involving the integration of signals from TSC1/2 with more direct effects on mTOR. Under conditions where cells cannot maintain normal ATP levels, the concentration of AMP increases to activate 5 0 AMP-activated protein kinase. Subsequently, AMP-kinase activates TSC2 by phosphorylation of Thr1227 and Ser1345, leading to inhibition of mTOR Regulation of Rheb by amino acids M Roccio et al (Inoki et al., 2003b) . However, earlier studies indicated that limiting the amounts of ATP also directly restrict mTOR activity (Dennis et al., 2001) . The mechanism by which a lack of amino acids blocks insulin-induced Rheb activation remains to be investigated, but may involve phosphorylation of TSC2 at specific sites as shown for AMP-activated protein kinase. However, alternative mechanisms such as increased stabilization or loss of 14-3-3 binding may equally well be involved in maintaining high TSC2 activity . Our results do not exclude the possibility that the dual control mechanism originates from a single amino-acid sensor. A putative candidate could be GCN2, an eIF2a kinase, known to be activated by amino-acid starvation (Dever et al., 1992) and glucose starvation (Yang et al., 2000) . Such an aminoacid sensor could, for example, directly phosphorylate TSC2 as well as proteins in the TOR complex. Indeed, when this paper was under revision, Long et al. (2005) reported that a complex containing mTOR and Rheb was dependent on the presence of amino acids . A major question now to be answered is how Rheb activates mTOR. An interesting option is that Rheb regulates complex formation of mTOR with Raptor or GbL, which function as scaffolding proteins to bring mTOR and its substrates together (Kim et al., 2003) . Identification of Rheb effectors will help to resolve this issue further.
Materials and methods

Reagents
Reagents were obtained from the following sources: Insulin, wm and TPA, were from Sigma Aldrich Co, BIM I and Go¨6976 were from Calbiochem and rapamycin was from BioMOL. Anti-Rheb antibody (C-19), anti-p53 and antip70S6K were from Santa Cruz Biotechnology. Phosphospecific antibodies (phospho-Thr389-S6K, Thr421-S6K, Ser235/236-S6, Ser240/244-S6, Thr37-4E-BP1, Ser473-PKB, Thr202/Tyr204 p42-p44 MAPK) were purchased from Cell Signaling and phospho-Thr32-FKHRL1 and anti-tubulin were purchased from Upstate Biotechnology and Calbiochem, respectively.
Cell culture and amino-acid depletion TSC2 þ / þ and TSC2À/À cells were maintained in DMEM supplemented with 10% FCS. Cells were grown to 90% confluency. Where indicated, cells were serum starved overnight. In all cases parallel dishes were prepared and treated in the same manner for measuring the Rheb (GTP/GDP) content and for making of total cell lysates for Western blotting; the only difference was the replacement of [ 32 P]orthophosphate by regular phosphate in the latter. Cells were labeled for 3.5 h with [
32 P]orthophosphate in phosphate-free DMEM (purchased from Bio Whitacker as phosphate-and amino-acid free DMEM containing 1 g/l glucose), resupplemented with all essential amino acid (Essential amino-acid mix 50 Â (Bio Whitacker)), all essential amino acids minus leucine (US Biological) or without amino acids. In samples where we studied the effect of amino-acid resupplementation, essential amino acids (or leucine, where indicated) were added back for 30 min at the concentration in which they are normally present in DMEM. Simultaneously, the medium of nondepleted cells was refreshed. Insulin and TPA were added at final concentrations of 5 and 0.1 mg/ml, respectively. wm (0.1 mM), BIM (6 mM) and Go¨6976 (1 m) were preincubated for 30 min prior stimulation. Rapamycin was used at a final concentration of 50 nM for 1 h.
Radioactive activation assay for small GTPases Measurement of GTP/GDP charged state of endogenous Rheb and Ras was performed as described earlier (Wolthuis et al., 1997) . After in vivo labeling and treatment, cells were lysed in Ral-Tag buffer and endogenous Rheb and Ras were pulled down by the C19 antibody and Y13-259, respectively. 20 ml of antibody were used for each immunoprecipitation. The antibody was precoupled overnight to a 1:1 mix of ProtA and ProtG beads. Quantification was performed using a PhosphoImager (STORM820, Molecular Dynamics).
Cell lysates and immunoblotting
Cells from parallel dishes, treated in the same manner (so also kept in phosphate-free (and eventually amino-acid-free) DMEM) as the ones used for the radioactive GTP loading of Rheb were used for making total cell lysates. After treatment, cells were lysed in laemmli sample buffer and equal amounts of lysates were analysed by SDS-PAGE and transferred to PVDF membrane (Perkin-Elmer). Western blots were blocked for 1 h at 41C in TBS/0.1% Tween 20 (TBST) containing 2% nonfat dried milk (Protifar, Nutricia) and 0.5% bovine serum albumin (Sigma). When using phosphorylationspecific antibodies, blots were blocked with 2% bovine serum albumin. Primary antibodies were diluted in TBST (1:5000). HRP-conjugated secondary antibodies were diluted 1:10 000 and visualized by chemiluminescence assay.
